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It is shown that the plasmid prophage P1 can be displaced by a superinfecting
P1 phage in Escherichia coli recA(Pl) lysogens. Six widely separated phage
markers were used to distinguish between residual recombination and total
substitution. It is further shown that superinfection of recA lysogens can lead to
loss of both phage (curing). These two phenomena, previously reported in Rec+
strains, are thus independent of host recombination and may result from pertur-
bations of some function involved in plasmid maintenance.

Two P1 plasmid phage cannot be stably main-
tained together in the same cell in the absence
of any selective pressure (a manifestation of
plasmid incompatibility). Studies in Rec+ lyso-
gens (9) have shown that when a superinfecting
phage marker is selected, concomitant loss of a
resident prophage marker is observed. This
could result from reciprocal recombination be-
tween the superinfecting and resident genomes
or from prophage substitution.
This report establishes that P1 prophage sub-

stitution occurs efficiently in recA(P1) lysogens.
The bacterial mutations recA or recB lower
recombinant formation during bacteriophage P1
crosses (4); lysogenization in strains bearing
these mutations is still possible, although less
efficient (10). To distinguish between residual
recombination and prophage substitution, mul-
tiply marked phage were used (see Fig. 1). Ly-
sogens were superinfected, and clones selected
for one marker of the superinfecting phage were
tested for the other markers.

In the course of this work, it was found that
prophage loss (curing) can occur as a result of
superinfection of recA(P1) lysogens, as has been
shown to occur in superinfected Rec+(Pl) lyso-
gens (9).

MATERIALS AND METHODS
Bacteria and phage. All bacterial strains used

were derivatives of Escherichia coli K-12. Lysogeni-
zation and superinfection experiments were carried
out in the supE recA13 strain AB2463 (6). Since recA
strains contain nonviable bacteria, the otherwise iso-
genic recA+ strain AB1157 (5) was also lysogenized
and used to calculate the total number of cells for a
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given optical density. C600 (1) was used for growth
and assay of phage. The sup' (nonsuppressing) recA
strain N100 (16) served to control the lysogenization
ability of the phages used. The 8up' strain Q125 (2)
was used to score the amber markers.
The phage PlCm am62 am3.6 am8.13 cl.100 and

PlKm am32 cl.100 were constructed in standard
crosses from PlCm cl.100 (10), PlKm (12), and P1
amber mutants am62, am3.6, am32 (15), and am8.13
(11). Where necessary (scoring of the amber markers,
immunity tests), the single amber mutants were used
along with Plvir am3O (from D. H. Walker, Jr.) and
Plcl.100. All amber mutations used are suppressed by
supE. Cm and Km are chloramphenicol and kanamy-
cin resistance genes acquired from R factors by illegit-
imate recombination (8, 12); these insertions do not
interfere with phage lysogenization or vegetative
growth. They serve as convenient selective indicators
of prophage. PlCm cl.100 carries a temperature sen-
sitive mutation in the cl repressor gene; lysogens for
this phage are induced above 350C (10).

Media. LB broth for liquid culture, solidified LB
for plating bacteria, LMC plates for P1, and P1 dilution
medium of Walker and Anderson (14) for dilutions are
described in D'Ari et al. (2). Where necessary, media
were supplemented with thymine (25 pg/ml), citrate
(5 x 10 M), and the antibiotics chloramphenicol
(Roussel UCLAF, S.A.) and kanamycin (Sigma Chem-
ical Co.) at a final concentration of 25 pg/ml
each.
Assay of bacteria: growth and assay ofphage.

Bacteria were titrated as colony formers in agar over-
laid on solidified LB. The presence of the recA muta-
tion was verified by sensitivity to UV radiation.

Phage stocks were prepared from isolated single
plaques by confluent lysis (2). Since the Cm and Km
insertions are unstable during vegetative growth, our
stocks were tested; those used here were 92% Cmr and
97% Km'. They were sterilized with chloroform and
contained no viable bacteria. Phage assays were car-
ried out by preadsorption of 0.1 ml of an appropriate
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am62 cat am3.6 am32 am8.13 cl.100

I
FIG. 1. Genetic map ofP1 Cm (not drawn to scale),

showing the relative order of the mutations used in
this work (2). The cat gene confers chloramphenicol
resistance; the Km insertion has not been mapped.

dilution of P1 to 0.1 ml of a late-exponential C600
culture in 2.5 x 10' M CaCl2 for 10 min at 37°C,
followed by plating with 3 ml of top agar on LMC
plates and overnight incubation at 37 or 420C.

Lysogenization: superinfection of lysogens.
Overnight LB cultures of the desired strains were

diluted 30-fold into fresh medium at 30°C, grown to
an absorbance at 650 nm of 0.3, concentrated threefold
by centrifugation, and suspended in LB with 2.5 x
10-: M CaCl2 at 2 x 107 to 5 x 107 viable cells per ml.
A 0.1-ml amount of an appropriately diluted P1 sus-

pension was added to 0.9 ml of cell suspension. After
30 min of adsorption at 300C with gentle agitation,
unadsorbed phage were removed by centrifugation,
cells were resuspended in LB containing 5 x 10-3 M
citrate, and portions were plated on LB plus citrate
with or without antibiotics. The citrate prevented
readsorption of phage liberated during incubation.

Scoring of the markers. Lysogenic clones to be
tested were picked into 0.4 ml of LB in nylon trays (2)
and incubated for 7 h at 30°C. To test the drug
resistance markers, the cultures were replicated, 25 at
a time, onto plates containing kanamycin, chloram-
phenicol, both drugs, or no drug. The cultures were
then diluted about 100-fold into 0.4 ml of LB contain-
ing 2.5 x 10-3 M CaCl2 inoculated with 106 C600 cells
and incubated at 420C for 2 h; this induced the lyso-
gens and permitted further multiplication of the phage
released. Amber markers were scored by replication
from these trays (or from 100-fold dilutions) onto LMC
plates seeded with 0.1 ml of a late-exponential culture
of the sup' strain Q125 and 3 x 107 P1 amber tester
phage; the plates were then incubated overnight at
42°C. Lysis indicated the presence of the wild-type
allele of the amber mutation carried by the tester
phage.

Characterization of nonlysogenic bacteria. All
prophage used bear the cl.100 mutation and one an-

tibiotic resistance marker, Cm or Km. Spontaneous
nonlysogenic segregants were selected by their ability
to form colonies at 420C on LB citrate plates; they
were tested for their antibiotic sensitivity and UV
sensitivity (to confirm the presence of the recA mu-
tation). Nonlysogens arising after superinfection were

detected as clones sensitive to the antibiotics used;
they were tested for UV sensitivity, for thermoresist-
ance in LB at 420C, and for loss of immunity. Although
P1 cannot form plaques on recA lawns (3), the follow-
ing immunity test distinguishes between lysogens and
nonlysogens: 0.1 ml of a late-exponential culture was

spread with top agar on LMC plates and incubated at
320C with spots of PlCm cl.100 at concentrations
ranging from 107 to 109 per ml. Circles of lysis indicated
nonimmunity. A P1 lysogen of AB2463 recA was used
as immune control.

RESULTS AND DISCUSSION
The supE recA lysogen AB2463(PlKm am32

cl.100) was superinfected by phage PlCm am62
am3.6 am8.13 cl.100 (Table 1, experiments 1, 2,
and 3). The Cm marker of the superinfecting
phage was used to select 25 Cmr colonies in each
experiment. These clones were grown and ana-
lyzed for the five unselected markers. They
proved to have acquired all the markers of the
superinfecting phage-Cm (by selection) and all
unselected markers (the three amber markers
and the allele am32) -and to have lost the Km
marker (except for experiment 3, in which one
clone was KMrn) and the dominant alleles of the
original prophage (our tests do not permit us to
detect recessive markers when the dominant
alleles are present).

Similarly, in the reciprocal experiments [Ta-
ble 1, experiments 4, 5, and 6; supE recA strain
AB2463(PlCm am62 am3.6 am8.13 cl.100) su-
perinfected by PlKm am32 cl.100], the 25 KMr
clones tested in each experiment had acquired
all five unselected markers of the superinfecting
phage and lost the Cmr marker and the domi-
nant am32+ allele of the prophage.
Since P1 prophage can be lost spontaneously

(10), lysogenic cultures include nonlysogenic
cells. The possibility thus arises that the bacteria
carrying all the markers of the superinfecting
phage and no detectable marker of the original
prophage could be the result of lysogenization of
nonlysogens and not due to displacement of the
established plasmid by the superinfecting phage.
The following observations show that this was

not the case. The strains AB2463(PlKm am32

TABLE 1. Prophage substitution and recombination
frequencies after superinfectiona

Frequency
of lysogens

Superinfect- Expt Multi- selected for
ing phage Prophage no. plicity' the super-

infecting
resistance
marker'

PlCm am62 PlKm am32 1 20 1.5 x 10-2
am3.6 cl.100 2 1.3 0.13 x 10-2
am8.13 3 0.13 0.11 x 10-2
cl.100

PlKm am32 PlCm am62 4 13 20 x 10-2
cl.100 am3.6 5 2.5 9 x 10-2

am8.13 6 0.25 0.7 x 10-2
cl.100

'The superinfection experiments were carried out as de-
scribed in the text. In experiments 3 and 6, cultures were
pregrown in LB plus kanamycin or chloramphenicol, respec-
tively.

'Each value indicates the number of adsorbed phage per
cell. Unadsorbed phage were assayed at 30'C to avoid induc-
tion of any remaining lysogens in the supernatant; correction
was made for the efficiency of plating at 30'C, 0.6 for PlKm
am32 cl.100 and 0.25 for PlCm am62 am3.6 am8.13 cl.100.

'Frequencies are normalized to the number of infected
bacteria, calculated by the Poisson distribution.
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cl.100) and AB2463(PlCm am62 am3.6 am8.13
cl.100) segregate nonlysogenic cells at frequen-
cies of 4 x 10-4 and 2 x 1O-5, respectively.
Lysogenization experiments, carried out under
the same conditions as the superinfection exper-
iments, showed that PlCm am62 am3.6 am8.13
cl.100 and PlKm am32 cl.100 lysogenize
AB2463 at frequencies of 1 x 10-3 and 9 x 10-2,
respectively. Thus, the nonlysogenic fraction of
the population lysogenized by the infecting
phage in each case is many orders of magnitude
below the frequency of Cmr or Kmt colonies
recovered.
Our stocks were grown on Rec+ strains. P1, a

generalized transducing phage, introduces the
recA+ gene at a frequency of 2 x 1o-4 per in-
fecting phage (3). This again is much lower than
the frequency ofCmr or Kmr colonies found after
superinfection. Thus, the substitution ob-
served-acquisition of all markers of the super-
infecting phage and loss of markers of the initial
prophage-is not dependent on a recA+ trans-
ducing phage coinfecting with another P1 phage.

Several differences were observed between the
two phage used. The two lysogens differed in
their ability to produce infective centers: the
ratio of plaques on C600 at 42°C to viable bac-
teria at 30°C was 0.3 for AB2463(PlCm am62
am3.6 am8.13 cl.100) and 0.9 for AB2463(PlKm
am32 cl.100). Furthermore, the PlCm deriva-
tive substitutes for a resident prophage less ef-
ficiently than the PlKm derivative and shows
lower frequencies of lysogenization. This is un-
likely to be due to poor suppression of one of the
amber mutations, since both of these phage can
lysogenize the sup' recA strain N100.

In the superinfection experiments, the bacte-
ria analyzed were selected on chloramphenicol
or kanamycin plates. To show that the substi-
tution observed was not induced by the selection
employed, colonies arising on plates containing
no antibiotic were also analyzed for the presence
of the Cm and Km markers. The frequency of
Cmr colonies (4% for experiment 1) or Kmr col-
onies (18% for experiment 4 and 7% for experi-
ment 5) was in agreement with the frequencies
of Cmr and Kmr clones selected directly after
superinfection.

Unexpectedly, Cm8 Km8 clones were also de-
tected among the colonies tested in experiments
4, 5, and 6, at frequencies similar to the substi-
tution frequencies (2/33, 3/43, and 1/100, re-
spectively) and at least 500-fold higher than the
spontaneous curing frequency. These Cm8 Km8
clones were shown to be recA nonlysogens (UV
sensitive, nonimmune, temperature resistant).
These results show that a recA(Pl) lysogen can
be cured of its prophage by superinfection with
another P1. The phenomenon of prophage cur-

ing in recA lysogens has subsequently been con-
firmed by A. Jaffe-Brachet and S. Briaux, who
have extensively analyzed the kinetics of ap-
pearance ofcured cells, detected as temperature-
resistant colony formers (manuscript in prepa-
ration).
Mise and Arber (9) studied the possibility of

maintaining two P1 prophages together in the
same cell and reported that rare unstable double
lysogens could be selected in Rec+ bacteria (fre-
quencies around 10-3) but that when selection
was removed, these segregated single lysogens
and nonlysogens. The results presented here
show that the phenomena of prophage substi-
tution and curing do not depend on the recA+
function. As for the fonnation of unstable double
lysogens, the frequency of Kmr Cmr clones in
superinfected recA lysogens is less than 10'
(data not shown), suggesting that the double
lysogens observed by Mise and Arber were
forned by homologous recombination (insertion
of one P1 genome into the other) and that little
recombination takes place under our conditions,
although we cannot eliminate the possibility
that double-length plasmids are formed by an
illegitimate reciprocal recombination event but
are not maintained, even unstably, in recA cells.
In similar superinfection experiments with Rec+
bacteria we obtained 20% Kmr Cmr stable re-
combinants (both resistance markers on a single
phage genome), which masked any rare unstable
double lysogens; it is possible that the new Cm
and Tc insertions used by Mise and Arber are
tightly linked or allelic, thus preventing nornal
recombinant formation in their experiments.

Superinfection of a P1 lysogen apparently de-
stabilizes the resident prophage; it can lead to
prophage substitution or loss of both phage.
Destabilization of a resident plasmid in the pres-
ence of an abnormally high number of plasmid
copies per bacterial chromosome has been re-
ported for mutants of Ri (13). It is possible that
a similar mechanism operates in these different
situations (7). Our experiments were carried out
in the absence of recombination and under con-
ditions of prophage immunity. This suggests
that prophage displacement and curing may de-
pend on some function expressed in lysogens,
perhaps a plasmid maintenance function.

ACKNOWLEDGMENTS

We thank Cecile Wandersman and Michael Yarmolinsky
for helpful advice and criticism during the preparation of the
manuscript and Aline Jaffe-Brachet for communicating results
before publication. We also thank Daniele Touati-Schwartz
for providing phage stocks and Jacqueline George for provid-
ing bacterial strains.

During the course of this work, R. D'Ari benefitted from a
fellowship from the European Molecular Biology Organiza-
tion.

VOL. 31, 1979



280 MEURS AND D'ARI

LITERATURE CITED

1. Bachmann, B. J. 1972. Pedigrees of some mutant strains
of Escherichia coli K-12. Bacteriol. Rev. 36:525-557.

2. D'Ari, R., A. Jaffe-Brachet, D. Touati-Schwartz, and
M. B. Yarmolinsky. 1975. A dnaB analog specified by
bacteriophage P1. J. Mol. Biol. 94:341-366.

3. Hertman, I., and S. E. Luria. 1967. Transduction studies
on the role of a rec' gene in the ultraviolet induction of
prophage lambda. J. Mol. Biol. 23:117-133.

4. Hertman, I., and J. R. Scott. 1973. Recombination of
phage P1 in recombination deficient hosts. Virology 53:
468-470.

5. Howard-Flanders, P., and L Theriot. 1962. A method
for selecting radiation-sensitive mutants ofEscherichia
coli. Genetics 47:1219-1224.

6. Howard-Flanders, P., and L Theriot. 1966. Mutants
of Escherichia coli K-12 defective in DNA repair and
in genetic recombination. Genetics 53:1137-1150.

7. Jaffe-Brachet, A. 1978. A model for plasmid mainte-
nance of bacteriophage P1. Ann. Inst. Pasteur (Paris)
129B:391-395.

8. Kondo, E., and S. Mitsuhashi. 1964. Drug resistance of
enteric bacteria. IV. Active transducing bacteriophage

P1 CM produced by the combination of R factor with
bacteriophage P1. J. Bacteriol. 88:1266-1276.

9. Mise, K., and W. Arber. 1976. Plaque-forming transduc-
ing bacteriophage P1 derivatives and their behaviour in
lysogenic conditions. Virology 69:191-205.

10. Rosner, J. L. 1972. Formation, induction and curing of
bacteriophage P1 lysogens. Virology 48:679-689.

11. Scott, J. R. 1973. Phage P1 cryptic. II. Location and
regulation of prophage genes. Virology 53:327-336.

12. Takano, T., and S. Ikeda. 1976. Phage P1 carrying
kanamycin resistance gene of R factor. Virology 70:
198-200.

13. UliHn, B. E., and K. Nordstrom. 1975. Plasmid incom-
patibility and control of replication: copy mutants of
the R-factor RI in Escherichia coli K-12. J. Bacteriol.
124:641-649.

14. Walker, D. H., Jr., and J. T. Anderson. 1970. Morpho-
logical variants of coliphage P1. J. Virol. 5:765-782.

15. Walker, D. H., Jr., and J. T. Walker. 1976. Genetic
studies of coliphage P1. I. Mapping by use of prophage
deletions. J. Virol. 16:525-534.

16. Wildenberg, J., and M. Meselson. 1975. Mismatch re-
pair in heteroduplex DNA. Proc. Natl. Acad. Sci. U.S.A.
72:2202-2206.

J. VIROL.


